Introduction {#Sec1}
============

The negative capacitance (NC) effect in ferroelectric (FE) materials has attracted an immense attention because of its potential to overcome the fundamental limits in field-effect transistor (FET) operation^[@CR1]^. In conventional Metal-Oxide-Semiconductor (MOS) FET, only a fraction of the applied gate voltage ($\documentclass[12pt]{minimal}
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                \begin{document}$${V}_{app}$$\end{document}$) appears as semiconductor surface potential (Ψ) due to a voltage drop across the positive gate dielectric capacitance and therefore, *d*Ψ/$\documentclass[12pt]{minimal}
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                \begin{document}$$d{V}_{app} < 1$$\end{document}$. Consequently, the attainable sub-threshold swing (SS) in MOSFET is always higher than 60 mV/decade at room temperature (300 K)^[@CR1]^. Such a fundamental limit of SS, further limits the voltage scalability of MOSFET without sacrificing the drive current. To overcome such limitations, it has been proposed that an FE layer in the gate stack of FE-FET can act as an effective negative capacitor under certain conditions^[@CR1]^. Most importantly, such negative capacitance effects can provide differential amplification of the interface potential which leads to *d*Ψ/$\documentclass[12pt]{minimal}
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                \begin{document}$$d{V}_{app} > 1$$\end{document}$ and SS \< 60 mV/decade^[@CR1]^. As a result, the NC effect in FE materials can potentially enable voltage scaling without affecting the drive current of FE-FET.

According to Landau-Khalatnikov equation^[@CR1]^, FE polarization ($\documentclass[12pt]{minimal}
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                \begin{document}$$P$$\end{document}$) versus electric-field ($\documentclass[12pt]{minimal}
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                \begin{document}$$E$$\end{document}$) characteristics exhibit an unstable negative slope (negative $\documentclass[12pt]{minimal}
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                \begin{document}$$dP/dE$$\end{document}$) region as shown in Fig. [1(c)](#Fig1){ref-type="fig"}. According to ref. ^[@CR1]^, such an unstable region in FE can be stabilized in a heterogeneous system (i.e. FE-dielectric (DE) stack) so that a homogeneously suppressed polarization (*P* = 0) can be obtained by suppressing the depolarization energy. However, under certain conditions, it may be more natural to form multiple domains with positive and negative $\documentclass[12pt]{minimal}
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                \begin{document}$$P$$\end{document}$ separated by domain-walls (DWs) to suppress the depolarization energy of the system^[@CR2]^. Recently, DW motion-based $\documentclass[12pt]{minimal}
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                \begin{document}$$P$$\end{document}$-switching in multi-domain (MD) FE has been identified as a possible mechanism for obtaining static effective negative capacitance in FE^[@CR2]--[@CR5]^. Such DW-induced NC effect has been theoretically predicted in refs. ^[@CR6]--[@CR8]^ showing that the soft-DW displacement can lead to an effective negative permittivity of FE in the presence of the interfacial dead layer. Further, a similar effect has been discussed and analyzed through phase-field simulations predicting a hysteresis-free NC path in FE by considering a moving DW in a metal-FE-metal capacitor^[@CR9]^ and DE-FE-DE superlattice^[@CR10]^. Additionally, an analytical model for DW-induced NC has been proposed for DE-FE-DE superlattice in ref. ^[@CR10]^ suggesting that the effective NC path is dependent on the DE thickness ($\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{de}$$\end{document}$), which contrasts with the analytical model presented in ref. ^[@CR11]^. Our phase-field simulations show that the soft-DW motion-based effective NC path in FE is independent of $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{de}$$\end{document}$, but it depends on the in-plane permittivity of the DE layer, which is in agreement with ref. ^[@CR11]^. To further identify such inter-dependencies of FE NC behavior on the properties of the constituent FE and DE layers in such heterostructures, we extensively analyze DW-induced NC effect in MFIM (Fig. [1(a)](#Fig1){ref-type="fig"}) based on phase-field simulations (beyond what has been explored so far) and establish its dependence on FE thickness, gradient energy coefficient, and DE permittivity and thickness. Furthermore, we, for the first time, develop a self-consistent 2D phase-field simulation framework for Metal-Ferroelectric-Insulator-Semiconductor (MFIS) stack (Fig. [1(b)](#Fig1){ref-type="fig"}). Utilizing our framework, we investigate DW induced NC effect in the MFIS stack, its effect on the semiconductor potential and its dependency on key material/device parameters.Figure 1(**a**) Metal-Ferroelectric-Insulator-Metal (MFIM) and (**b**) Metal-Ferroelectric-Insulator-Semiconductor (MFIS) configurations. (**c**) Calibration of Landau's free energy coefficients with experimental^[@CR12]^ *P*-*E* characteristics of 10 nm HZO thin-film. The calibrated Landau coefficients are: $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha =-\,2.5\times {10}^{9}\,Vm/C$$\end{document}$, $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta =6.0\times {10}^{10}\,V{m}^{5}/{C}^{3}$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma =1.5\times {10}^{11}\,V{m}^{9}/{C}^{5}$$\end{document}$. (**d**) Tabular representation of symbols and their corresponding definitions.

In our phase-field simulation, we solve the 2D time ($\documentclass[12pt]{minimal}
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                \begin{document}$$t$$\end{document}$)-dependent Ginzburg-Landau (TDGL) equation^[@CR10]^, Poisson's equation and semiconductor charge equations, yielding self-consistent solutions for polarization ($\documentclass[12pt]{minimal}
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                \begin{document}$$P(x,z,t)$$\end{document}$), potential (Φ$\documentclass[12pt]{minimal}
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                \begin{document}$$(x,z,t)$$\end{document}$) and charge ($\documentclass[12pt]{minimal}
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                \begin{document}$$\rho (x,z,t)$$\end{document}$), where $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$ are the axis parallel to the thickness and length of the stack, respectively. Even though the simulation framework can capture the transient dynamics of polarization switching, in this work, we focus on analyzing the steady-state solution of $\documentclass[12pt]{minimal}
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                \begin{document}$$P(x,z)$$\end{document}$ for an applied voltage. For the FE material, we consider Hf~0.5~Zr~0.5~O~2~ (HZO) and the corresponding Landau's free energy coefficients ($\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma $$\end{document}$) are extracted from measured $\documentclass[12pt]{minimal}
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                \begin{document}$$E$$\end{document}$ characteristics^[@CR12]^ shown in Fig. [1(c)](#Fig1){ref-type="fig"}. For the gradient energy coefficient ($\documentclass[12pt]{minimal}
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                \begin{document}$$g$$\end{document}$), a range of values are considered (see Methods section) as the actual value is still unknown for HZO. We assume that the spontaneous $\documentclass[12pt]{minimal}
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                \begin{document}$$P$$\end{document}$ direction in FE is along the thickness of the film ($\documentclass[12pt]{minimal}
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                \begin{document}$$z$$\end{document}$-axis), which is parallel to the *c*-axis of the orthorhombic crystal phase of HZO^[@CR13],[@CR14]^. For DE, we consider SiO~2~, Al~2~O~3~ and HfO~2~, and for the semiconductor, we consider undoped silicon. The details of the simulation methodologies, parameters and calibration are discussed in the 'Methods' section. In addition, the symbolic representations and corresponding equations of different parameters are summarized in a table shown in Fig. [1(d)](#Fig1){ref-type="fig"}. Utilizing this framework, we analyze the multi-domain formation and the applied voltage-dependent $\documentclass[12pt]{minimal}
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                \begin{document}$$P$$\end{document}$-switching in MFIM and MFIS stacks (shown in Fig. [1(a,b)](#Fig1){ref-type="fig"}), which we discuss in the subsequent sections.

Multi-domain formation in MFIM stack {#Sec2}
====================================

Let us start by considering an MFIM stack with an applied voltage ($\documentclass[12pt]{minimal}
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                \begin{document}$${V}_{app}$$\end{document}$) of 0 V. It is well known that in MFIM stack, spontaneous polarization ($\documentclass[12pt]{minimal}
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                \begin{document}$$P$$\end{document}$) appears at the FE-DE interface, which leads to a voltage drop across the DE layer^[@CR10]^. As a result, an E-field appears in FE opposite to the $\documentclass[12pt]{minimal}
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                \begin{document}$$P$$\end{document}$ direction, called depolarization field, which leads to an increase in the depolarization energy density. Let us define the E-field along the thickness of the FE film (z-axis) as $\documentclass[12pt]{minimal}
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                \begin{document}$${E}_{z,fe}$$\end{document}$ and the depolarization energy density as $\documentclass[12pt]{minimal}
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                \begin{document}$${f}_{dep}=-\,{E}_{z,fe}\times P$$\end{document}$. However, $\documentclass[12pt]{minimal}
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                \begin{document}$${f}_{dep}$$\end{document}$ can be suppressed with the formation of periodic 180° domains of alternating $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\uparrow $$\end{document}$). Simulation result considering such a scenario is shown in Fig. [2(a)](#Fig2){ref-type="fig"} for *T*~*fe*~ = 5 nm, *T*~*de*~ = 2 nm (Al~2~O~3~), $\documentclass[12pt]{minimal}
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                \begin{document}$$\downarrow $$\end{document}$) sign denotes the +*z* (−*z*) direction. In this multi-domain (MD) state, the magnitude of the local $\documentclass[12pt]{minimal}
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                \begin{document}$${E}_{z,fe}$$\end{document}$ (at a particular point in the FE) is greatly reduced due to stray fields (in-plane E-field, $\documentclass[12pt]{minimal}
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                \begin{document}$$\downarrow $$\end{document}$ domains, as shown in Fig. [2(b)](#Fig2){ref-type="fig"}. While this decrease in local $\documentclass[12pt]{minimal}
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                \begin{document}$${E}_{z,fe}$$\end{document}$ is larger near the domain walls (DWs) compared to inside of the domains, the suppression of average $\documentclass[12pt]{minimal}
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                \begin{document}$${E}_{z,fe}$$\end{document}$ is significant across the entire length of the stack (along the $\documentclass[12pt]{minimal}
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                \begin{document}$${\varepsilon }_{x,fe}$$\end{document}$ is the in-plane background permittivity of FE and (b) $\documentclass[12pt]{minimal}
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                \begin{document}$${f}_{x,grad}=g\times {(dP/dx)}^{2}$$\end{document}$) due to the spatial variation in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P$$\end{document}$ along the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x$$\end{document}$-axis. Subsequently, we will refer to the sum of $\documentclass[12pt]{minimal}
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In the above discussion, the stability of SD state with *P* = 0 may or may not imply that the ferroelectricity of the FE layer will be retained and the same Landau coefficients can be used to calculate the polarization switching characteristics. Rather, one needs to calculate the $\documentclass[12pt]{minimal}
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Further, in the MD state, the nature of DW plays an important role in E-field driven DW motion. To displace the hard-DW, the applied E-field needs to be higher than a critical value called coercive field of DW motion, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${E}_{c,dw}$$\end{document}$. Therefore, the hard-DW motion based $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P$$\end{document}$-switching is hysteretic, because, the applied E-field needs to be higher than the positive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${E}_{c,dw}$$\end{document}$ for forward DW motion and lower than the negative $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${E}_{c,dw}$$\end{document}$ for reverse DW motion^[@CR15]^. In contrast, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|{E}_{c,dw}|$$\end{document}$ is infinitesimally small (\~0) for soft-DW^[@CR15]^ and hence, non-hysteretic DW motion is possible. As in this work, our focus is on analyzing the non-hysteretic NC effect, we restrict our discussion only for soft-DW motion based $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P$$\end{document}$-switching.

MD-NC Effect in MFIM Stack {#Sec3}
==========================

Let us begin by discussing *P*-switching in the MFIM stack with soft-DW. The simulated average charge density ($\documentclass[12pt]{minimal}
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Based on the above discussion, we emphasize that the negative effective permittivity of the MD state is not an intrinsic material parameter of FE, rather, it depends on the physical thickness of the FE film, its gradient energy coefficient and the permittivity of the underlying DE material. It is important to note that, this conclusion is different than a single domain model^[@CR1]^, where the negative permittivity originates from negative slope of the Landau-Khalatnikov (LK) equation and hence, remains constant irrespective of $\documentclass[12pt]{minimal}
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MD-NC Effect in MFIS Stack {#Sec4}
==========================

So far, we discussed how the DW-induced effective NC in FE can enhance the overall charge response of MFIM stack. Next, we turn our attention to the MFIS stack with an undoped silicon as the semiconductor layer. To compare the MFIS results with conventional MOS capacitor, we also simulate MIIS (Metal-HfO~2~-SiO~2~-Si) and MIS (Metal-SiO~2~-Si) stacks. The silicon layer thickness of 10 nm is considered for all the simulations of MFIS, MIIS, and MIS stacks. The simulated $\documentclass[12pt]{minimal}
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Now, let us make a rough assumption that the channel current in FEFET will be mostly dependent on the min-Ψ as that determines the highest potential barrier seen by the source electrons. Then, based on the above discussion, we can expect that the OFF current (at *V*~*app*~ = 0 V) of FEFET will be significantly less compared to the MIS/MIIS-FET, and the ON current (*V*~*app*~ \~ 1.2 V) will be higher than the MIIS-FET but comparable to MIS-FET. As the Ψ is highly non-homogeneous in MFIS stack in the low voltage regime, calculation of SS of FEFETs needs further exploration by considering source/drain regions along with the DW-induced non-homogeneous semiconductor potential and solving the transport equations to obtain the impact of the MD FE on the FEFET characteristics.

Conclusion {#Sec5}
==========

In summary, by performing phase-field simulation, we show that the energy stored in FE DW can be harnessed to enhance the capacitance of the MFIM and MFIS stack, where the soft-DW displacement leads to a static and hysteresis-free negative capacitance in the MD FE. Our analysis indicates that the effective negative permittivity of the FE layer is dependent on the FE thickness, gradient energy coefficient, in-plane permittivity of the DE and is independent of DE thickness within the limit of soft-DW. Further, the DW-induced NC effect can lead to an enhanced charge/capacitance response in MFIS stack compared to MIS/MIIS stack. However, such a charge/capacitance enhancement in MFIS does not guarantee an enhanced local Ψ in Si compared to MIS. In fact, Ψ becomes spatially varying due to the MD nature of FE and the variation is higher at low applied voltages. In addition, we discuss that the minimum Ψ in MFIS can exceed the Ψ in MIIS but remains smaller than the MIS. Nevertheless, considering the local differential amplification of $\documentclass[12pt]{minimal}
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                \begin{document}$$d(min-{V}_{int})/d{V}_{app} > 1$$\end{document}$), the on/off current ratio of FEFET can potentially exceed the MIS/MIIS-FET. Since the non-homogeneity in Ψ is absent in conventional MOS capacitor (and MOSFET), therefore, as future work, it will be important to investigate the impact of such potential profile on the low voltage conduction of FEFETs.

Methods {#Sec6}
=======

In our phase-field simulation framework, we self-consistently solve the time-dependent Ginzburg-Landau (TDGL) equation, Poisson's equation and semiconductor charge equations. Considering polarization ($\documentclass[12pt]{minimal}
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                \begin{document}$${f}_{dep}$$\end{document}$ is the depolarization energy density. Additionally, *α*, *β* and *γ* are Landau's free energy coefficients; $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$ are the axis along the thickness and length of the stack, respectively. Eq. [7](#Equ7){ref-type=""} is also known as Chensky-Tarasenko (CT) equation, and has been used to analyze polarization switching characteristics in DE-FE-DE stack^[@CR10]^. Note that, here we do not include the strain as a separate order parameter (which has been done for standalone FE in earlier works^[@CR17]^). Rather, by considering strain-polarization coupling and assuming a stress free condition a similar equation as Eq. [7](#Equ7){ref-type=""} can be derived, where the Landau coefficients incorporates both of the strain and polarization contribution of the free energy density (see Supplementary Section of ref. ^[@CR14]^). Now, for the considered system, the Poisson's equation can be written as,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\rho (x,z)\ne 0$$\end{document}$ only in the semiconductor region and has been calculated from the following equations.$$\documentclass[12pt]{minimal}
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                \begin{document}$${N}_{d}^{+}$$\end{document}$ are the concentration of ionized acceptor and donor, respectively, which are negligible in our case due to the consideration of undoped silicon as the semiconductor layer in the MFIS stack. Now, for MFIM stack, the self-consistent solution for $\documentclass[12pt]{minimal}
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The Landau's free energy coefficients (*α*, *β* and *γ*) of Hf~0.5~Zr~0.5~O~2~ (HZO) are extracted from measured *P*-*V* characteristics of 10 nm HZO film^[@CR12]^. The experimental *P*-*V* characteristics and 'Landau path' are shown in Fig. [1(c)](#Fig1){ref-type="fig"}. Here the 'Landau path' implies the solution of Eq. [10](#Equ10){ref-type=""}, which can be written from Eq. [7](#Equ7){ref-type=""} by assuming static scenario and ideal metal-ferroelectric-metal capacitor (so that, at poled state, $\documentclass[12pt]{minimal}
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All the simulation parameters are listed in Table [1](#Tab1){ref-type="table"}. Here, the rest mass of electron, *m*~0~ = 9.11 × 10^-31^ kg and the vacuum permittivity, *ε*~0~ = 8.854 × 10^-12^ F/m.Table 1Simulation parameters.ParameterValueParameterValue*α*$\documentclass[12pt]{minimal}
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